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ABSTRACT
Interstellar dust grains can be spun up by radiative torques, and the resulting centrifu-
gal force may be strong enough to disrupt large dust grains. We examine the effect
of this rotational disruption on the evolution of grain size distribution in galaxies.
To this goal, we modify our previous model by assuming that rotational disruption
is the major small-grain production mechanism. We find that rotational disruption
can have a large influence on the evolution of grain size distribution in the following
two aspects especially for composites and grain mantles (with tensile strength ∼ 107
erg cm−3). First, because of the short time-scale of rotational disruption, the small-
grain production occurs even in the early phase of galaxy evolution. Therefore, even
though stars produce large grains, the abundance of small grains can be large enough
to steepen the extinction curve. Secondly, rotational disruption is important in de-
termining the maximum grain radius, which regulates the steepness of the extinction
curve. For compact grains with tensile strength & 109 erg cm−3, the size evolution is
significantly affected by rotational disruption only if the radiation field is as strong as
(or the dust temperature is as high as) expected for starburst galaxies. For compact
grains, rotational disruption predicts that the maximum grain radius becomes less
than 0.2 µm for galaxies with a dust temperature & 50 K.
Key words: dust, extinction – galaxies: evolution – galaxies: high-redshift – galaxies:
ISM – galaxies: starburst – radiation: dynamics
1 INTRODUCTION
Dust grains are known to be important for various pro-
cesses in the interstellar medium (ISM) and galaxies. Many
of the important processes concern the surface area of dust
grains. Some molecules such as H2 form on dust surfaces
(e.g. Gould & Salpeter 1963; Cazaux & Tielens 2004); thus,
their reaction rates are governed by the grain surface area,
which is determined by the grain size distribution (distri-
bution function of grain radius) (Hirashita & Harada 2017;
Chen et al. 2018). Dust grains also interact with radiation
by absorbing stellar ultraviolet (UV)–optical light and repro-
cess it in the infrared. This means that dust modifies or even
governs the spectral energy distributions (SEDs) of galaxies
(e.g. Takeuchi et al. 2005a). The cross-section of a dust grain
for absorption and scattering (i.e. extinction), whose wave-
length dependence is referred to as the extinction curve, de-
pends on the grain size distribution (e.g. Mathis et al. 1977,
⋆ E-mail: hirashita@asiaa.sinica.edu.tw
hereafter MRN). Thus, the evolution of grain size distri-
bution is of fundamental importance in understanding the
chemical and radiative processes in the ISM and galaxies.
There have been some studies modelling and calcu-
lating the evolution of grain size distribution in the ISM.
Liffman & Clayton (1989) traced the size evolution of in-
dividual dust grains, considering dust destruction by super-
nova (SN) shocks and dust growth by accretion. This method
is useful, for example, to derive the lifetime of dust as a
function of grain radius, but the interactions between grains
are not easy to include. O’Donnell & Mathis (1997) mod-
elled the grain size distribution by further considering colli-
sional processes (coagulation and shattering) in a multiphase
ISM and showed that the extinction curves calculated from
the resulting grain size distributions broadly reproduce the
Milky Way extinction curve. The evolution of grain size dis-
tribution was first modelled in a consistent manner with the
chemical enrichment of galaxies by Yamasawa et al. (2011).
They took into account dust formation and destruction by
SNe. In addition to these processes, Asano et al. (2013) com-
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pleted the model by additionally including dust formation by
AGB stars, dust growth by accretion and coagulation, and
dust disruption by shattering. Nozawa et al. (2015) applied
this model to high-redshift quasars, and showed that the
calculated grain size distribution explains the observed ex-
tinction curve in a z = 6.2 quasar (z is the redshift). The evo-
lution model of grain size distribution has been further com-
bined with hydrodynamic simulations by post-processing
(Hirashita & Aoyama 2019; Rau et al. 2019) or by a di-
rect implementation (McKinnon et al. 2018; Aoyama et al.
2020). Hirashita & Murga (2020, hereafter HM20) used a
one-zone galaxy model but further decomposed the calcu-
lated grain size distribution into relevant species (silicate and
aromatic/non-aromatic carbon). Their model is also consis-
tent with the abundance of polycyclic aromatic hydrocar-
bons (PAHs) in nearby galaxies (see also Seok et al. 2014).
In the above, shattering is the unique mechanism
that creates small grains efficiently. Recently, Hoang
(2019) has proposed another mechanism of creating small
grains from large grains – rotational disruption (see also
Hoang et al. 2019). In the presence of strong radiation,
grains acquire suprathermal rotation driven by radiative
torques (Draine & Weingartner 1996; Hoang & Lazarian
2008, 2009). This rotation induces the centrifugal stress in
the dust grain. Hoang et al. (2019) found that large dust
grains can be disrupted because the centrifugal stress ex-
ceeds the tensile strength. Hoang (2019) further showed that
rotational disruption determines the maximum grain radius
(or the upper cut-off of the grain size distribution), which
depends on both the interstellar radiation field (ISRF) inten-
sity and the grain tensile strength. Other than determining
the upper cut-off of grain radii, rotational disruption could
also enhance the small grain production. Thus, for a com-
plete understanding of the grain size distributions in galax-
ies, we should clarify how rotational disruption affects the
evolution of grain size.
Since rotational disruption is more efficient in higher
ISRFs, it is more important in starburst (or actively
star-forming) galaxies. The dust temperature which re-
flects the ISRF intensity is generally high in those
galaxies (e.g. Zavala et al. 2018). Starburst galaxies emit
most of their stellar radiation energy by dust emission
(Sanders & Mirabel 1996), which means that understanding
dust properties is crucial in clarifying the radiative processes
in those galaxies. In addition, the fraction of stellar light re-
processed by dust increases towards z ∼ 1–2, when the cos-
mic star formation rate is the highest (e.g. Takeuchi et al.
2005b; Goto et al. 2010; Burgarella et al. 2013). In such
dusty star-forming galaxies, rotational disruption could play
a significant role in determining the dust properties through
the modification of grain size distribution.
The goal of this paper is to clarify the effect of rota-
tional disruption on the evolution of grain size distribution.
As a representative quantity that reflects the grain size dis-
tribution, we also calculate extinction curves. In our previ-
ous modelling, shattering was the unique process that pro-
duces small grains, but the shattering rate might be uncer-
tain because of the assumed grain velocities. In this paper,
we treat rotational disruption as an alternative mechanism
of small-grain production (i.e. we examine the case where
rotational disruption is the dominant mechanism of creat-
ing small grains from large grains). This step also serves to
provide a means of testing the role of rotational disruption
against the observed dust properties.
To this goal, we newly formulate and include the effect
of rotational disruption in the framework that calculates the
evolution of grain size distribution in a galaxy. The develop-
ment of the framework is based on HM20, in which we also
separated the grains into relevant species to calculate the
extinction curve. This enables us to examine the effect of
rotational disruption on the extinction curve as an observ-
able signature. We also discuss the effects of a strong ISRF
as expected for starburst galaxies and some high-redshift
galaxies.
This paper is organized as follows. In Section 2, we de-
scribe the dust evolution model which treats the grain size
distribution and the grain composition. In particular, we
newly include the effect of rotational disruption on the grain
size distribution. In Section 3, we show the results. In Section
4, we provide some extended discussions, especially, regard-
ing the significance of rotational disruption in galaxies with
high ISRF intensities. In Section 5, we give the conclusion
of this paper.
2 MODEL
The main purpose of the modeling in this paper is to inves-
tigate rotational disruption as an alternative mechanism of
shattering in producing small grains. For this purpose, we
use and extend the framework developed in our previous pa-
pers (HM20, originally based on Hirashita & Aoyama 2019).
We model the metal and dust enrichment in a galaxy, which
is treated as a one-zone object. The evolution of grain size
distribution is calculated in a manner consistent with dust
enrichment and interstellar dust processing. We newly in-
clude the effect of rotational disruption. Shattering also has
a similar effect on small-grain production; in this paper, in
order to clarify the role of rotational disruption in small-
grain production, we turn off shattering. In other words, we
include rotational disruption as an alternative small-grain-
production mechanism to shattering to examine if rotational
disruption could play a significant role in reproducing the ob-
served dust properties. This is also equivalent to the assump-
tion that rotational disruption is the dominant small-grain
production mechanism over shattering. Turning off shatter-
ing also serves to obtain results not affected by the uncer-
tainty in shattering (mainly caused by the assumed turbu-
lence model). The case where rotational disruption and shat-
tering coexist is discussed separately in Section 4.4.
The grain size distribution is further decomposed into
silicate and carbonaceous dust; the latter species is further
separated into aromatic and non-aromatic components. Dis-
tinction among the grain species is based on HM20 and is
necessary to calculate the extinction curve. The infrared
SED of dust emission could also be a useful output; how-
ever, since the calculation requires a consistent treatment of
extinction curves and radiation transfer effects, the infrared
SED is left for a future work. We only describe the outline
of the models, and refer the interested reader to HM20 and
Hirashita & Aoyama (2019) for details.
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2.1 Evolution of grain size distribution
We assume the galaxy to be a closed box; that is, the galaxy
starts its evolution with a certain mass of gas with zero
metallicity and converts the gas to stars with the total bary-
onic (gas + stars) mass conserved. We adopt the following
simple functional form for the star formation rate, ψ:1
ψ(t) =
Mg,0
τSF
exp
(
−
t
τSF
)
, (1)
where Mg,0 is the initial gas mass (= total baryonic mass)
and τSF is the star formation time-scale given as a free pa-
rameter. Using a set of equations that describe the chemical
evolution of the galaxy, we obtain the time evolution of the
masses of gas, stars, and metals, denoted as Mgas, M⋆, and
MZ , respectively. Because of the above assumption of closed
box, Mgas + M⋆ = Mg,0 (M⋆ = 0 at t = 0). The most impor-
tant quantity that is calculated by this chemical evolution
framework is the metallicity Z ≡ MZ/Mgas. We also compute
the silicon and carbon abundances (relative to the total gas
mass), which are denoted as ZSi and ZC, respectively. In
calculating the abundances of metals, silicon and carbon,
we adopt the stellar yields in the literature (see HM20 for
the references). We also need the SN rate (denoted as γ),
which is calculated by assuming that stars in a zero-age-
main-sequence mass range of 8–40 M⊙ become SNe at the
end of their lives. We adopt the Chabrier initial mass func-
tion (Chabrier 2003) with a stellar mass range of 0.1–100
M⊙ .
We calculate the evolution of grain size distribution by
considering the following processes: stellar dust production,
dust destruction by SN shocks in the ISM, dust growth
by accretion and grain–grain sticking by coagulation. As
mentioned above, we turn off shattering to clarify the im-
portance of small grain production by rotational disrup-
tion. We assume grains to be spherical and compact, so
that the grain mass m is related to the grain radius a as
m = (4π/3)a3s, where s is the material density of dust. We
adopt s = 2.24 g cm−3, which is appropriate for graphite
(Weingartner & Draine 2001). As explained in HM20, our
model is not able to include multiple dust components di-
rectly in the calculation of grain size distribution because
of the difficulty in treating the interactions among various
grain species. Thus, we adopt a ‘representative’ species for
the grain size distribution, which is later separated into var-
ious species when we calculate the extinction curve. HM20
confirmed that the results are not sensitive to the adopted
representative species. The grain size distribution at time t
is expressed by the grain mass distribution ρd(m, t), which
is defined such that ρd(m, t) dm is the mass density of dust
grains whose mass is between m and m + dm. The grain size
distribution, n(a, t), is derived from the grain mass distribu-
tion as
ρd(m, t) dm =
4
3
πa3sn(a, t) da. (2)
For dust processing, a multi-phase nature of the ISM
is necessary to model. We assume that the ISM is com-
posed of the diffuse (warm) and dense (cold) components,
which have (nH/cm
−3, Tgas/K) = (0.3, 10
4) and (300, 25), re-
spectively (nH is the hydrogen number density and Tgas is
1 In HM20, there is a typo for this equation.
the gas temperature). The mass fraction of the dense ISM
is given as a constant parameter, ηdense. We calculate the
change of grain mass distribution in a time-step interval ∆t
as ∆ρd(m, t) = [∂ρd(m, t)/∂t]i fi∆t, where i indicates each pro-
cess, [∂ρd(m, t)/∂t]i is the contribution from process i to the
change of the grain mass distribution per unit time, and fi
is the fraction of the gas phase that hosts the process. The
processes we consider are stellar dust production (i = star),
SN destruction by sputtering (i = sput), dust growth by ac-
cretion (i = acc), and grain growth by coagulation (i = coag).
We newly include rotational disruption (i = disr) in this pa-
per. Stellar dust production and SN destruction are assumed
to occur in both ISM phases, so that fstar = fsput = 1. Co-
agulation and accretion take place only in the dense phase,
so that fcoag = facc = ηdense. We also assume that rotational
disruption occurs only in the diffuse ISM ( fdisr = 1 − ηdense)
for the following two reasons. First, the damping of grain ro-
tation by sticking collision with gas particles is significant in
the dense ISM (Hoang 2019). Secondly, the radiation could
be effectively attenuated in the dense ISM. However, since
rotational disruption takes place on a much shorter time-
scale than the dust enrichment processes, the choice of fdisr
does not affect our conclusions.
For the stellar dust production, we adopt the dust yields
of SNe and AGB stars in the literature (see HM20 for the
references). The dust mass supplied by the stellar sources
are distributed in each grain radius bin based on the lognor-
mal grain size distribution centered at 0.1 µm with standard
deviation σ = 0.47 (Asano et al. 2013). Thus, in our model,
we assume that stars produce large (a ∼ 0.1 µm) grains (see
HM20 for further arguments supporting this assumption).
The changes of grain size distribution by SN dust de-
struction and dust growth (accretion) are treated by tak-
ing the grain-size-dependent (or grain-mass-dependent) de-
struction and growth time-scales into account. The evo-
lution of grain size distribution by these processes is de-
scribed by an ‘advection’ equation in the grain-radius space
(Hirashita & Aoyama 2019). The change of grain size distri-
bution by coagulation is, on the other hand, described by the
Smoluchowski equation. The grain–grain collision rates for
various combinations of grain radii are evaluated based on
the geometric cross-section and the turbulence-driven rel-
ative grain velocity (Ormel et al. 2009). The sticking effi-
ciency is assume to be unity. The evolution of grain size
distribution by rotational disruption is also calculated as
described in the next subsection.
2.2 Effect of rotational disruption
Rotational disruption causes fragmentation of grains by cen-
trifugal force. The mechanism of disruption is common be-
tween rotational disruption and shattering in the sense that
the internal stress exceeding the tensile strength is the cause
of the disruption. Therefore, we expect that the grain size
distribution is modified by rotational disruption in a way
similar to shattering. Rotational disruption does not require
grain–grain collisions, but occurs spontaneously on a time-
scale (as a function of grain mass) τdisr(m), which is evaluated
later. The evolution of grain mass distribution by rotational
MNRAS 000, 1–14 (2020)
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disruption is described as[
∂ρd(m, t)
∂t
]
disr
= −
ρd(m, t)
τdisr(m)
+
∫ ∞
0
ρd(m1, t)
m1τdisr(m1)
θfrag(m; m1) dm1,
(3)
where θfrag(m; m1) is the mass distribution function of frag-
ments produced from a grain with mass m1. Although this
equation can be derived for its own sake, it may be con-
venient to describe it in correspondense with the equation
governing shattering as described in Appendix.
We adopt the following time-scale for rotational disrup-
tion from equation (32) of Hoang (2019):
τdisr(a) = 10
5U−1
(
Smax
107 erg cm−3
)1/2 (
a
0.1 µm
)−0.7
yr
for a ≥ adisr, (4)
where U is the ISRF intensity normalized to the average
value in the solar neighbourhood as given by Mathis et al.
(1983), Smax is the tensile strength, and adisr is the threshold
grain radius for rotational disruption. We fixed the mean
wavelength of the ISRF to λ¯ = 0.5 µm in the original ex-
pression. For a < adisr, no rotational disruption is assumed
to occur (i.e. τdisr = ∞).
The threshold grain radius, adisr, is estimated by Hoang
(2019). We can use their equation (29), since the gas density
and temperature of the diffuse ISM are in the regime where
the damping of the grain rotation by the emission of IR
photons is important. We also fix the radiation anisotropy
degree to γrad = 0.1 and the mean ISRF wavelength to λ¯ =
0.5 µm, obtaining
(
adisr
0.1 µm
)2.7
= 5.1U−1/3
(
Smax
107 erg cm−3
)1/2
. (5)
Note that this is valid for adisr . λ¯/1.8 ≃ 0.28 µm (i.e. in
the regime where the efficiency of radiative torque strongly
depends on the grain radius). If adisr is larger than 0.3 µm,
radiative torque cannot make the grain rotation fast enough
to cause rotational disruption (Hoang 2019).
Finally, we determine the fragment mass distribution,
θfrag(m; m1). Since there is no available physical model for
the fragment mass distribution in rotational disruption, we
use the fragment distribution function in shattering as a
guide. The maximum and minimum masses of the frag-
ments produced from a grain mass m1 are assumed to
be mf,max = 0.02m1 and mf,min = 10
−6mf,max, respectively
(Guillet et al. 2011; Hirashita & Aoyama 2019). We adopt
the following mass distribution function of fragments pro-
duced from a grain with mass m1:
θfrag(m; m1) =
(4 − αf)m1m
(−αf+1)/3
3
[
m
4−αf
3
f,max
− m
4−αf
3
f,min
] Φ(m; mf,min, mf,max), (6)
where Φ(m; mf,min, mf,max) = 1 if mf,min ≤ m ≤ mf,max, and 0
otherwise, and αf = 3.3 (Jones et al. 1996).
The above fragment mass distribution could be opti-
mistic in the number of small fragments, but we basically
adopt it to investigate a possibility of rotational disruption
being an alternative to shattering for small-grain produc-
tion. Formation of many small fragments in rotational dis-
ruption may be justified for inhomogeneous grains such as
composite grains composed of tiny monomers and grains
covered by mantles. Such inhomogeneous structures gen-
erally contain many ‘interfaces’ with locally weak binding
force. Since we are particularly interested in the disruption
of highly inhomogeneous grains (with small tensile strength
as explained in Section 2.4), it would be appropriate to con-
sider the formation of many small fragments. We should also
keep in mind that in the above, the whole disrupted grain is
assumed to be fragmented without leaving a remnant. Thus,
our model provides an optimistic case for the production of
small grains also in this sense. We discuss the dependence
on the fragment size distribution later in Section 4.2.
2.3 Calculation of extinction curve
As an observable quantity, we calculate the extinction curve.
For this purpose, we decompose the grain size distribution
into the relevant dust species. We adopt the same dust
species as in HA20 for the convenience of comparison. The
grain mass distributions of silicate (ρsil) and carbonaceous
dust (ρcar) are described by ρsil(m, t) = fsil(t)ρd(m, t), and
ρcar(m, t) = [1 − fsil(t)]ρd(m, t), respectively, where fsil(t) is
the mass ratio of silicate to the total dust mass. The sili-
cate fraction is calculated using the silicon-to-carbon abun-
dance ratio calculated in the chemical evolution model in
Section 2.1.
The carbonaceous grain size distribution is separated
into aromatic and non-aromatic populations. We denote the
grain mass distributions of the aromatic and non-aromatic
species as ρar(m, t) and and ρnon−ar(m, t), respectively, and in-
troduce the aromatic fraction, which is defined as far(m, t) ≡
ρar(m, t)/ρcar(m, t). HA20 solved aromatization and aliphati-
zation, and showed that the aromatic fraction is ≃ 1 − ηdense
for most of the grain size range of interest. Therefore, we
simply assume a constant aromatic fraction, far = 1 − ηdense;
that is, ρar(m, t) = (1 − ηdense)ρcar(m, t) and ρnon−ar(m, t) =
ηdenseρcar(m, t).
The extinction at wavelength λ in units of magnitude
(Aλ) is calculated as
Aλ = (2.5 log10 e)L
∑
j
∫ ∞
0
nj (a) πa
2Qext(a, λ), (7)
where the subscript j indicates the grain species (i.e. sili-
cate, aromatic carbon, and non-aromatic carbon), L is the
path length, and Qext(a, λ) is the extinction efficiency fac-
tor evaluated by using the Mie theory (Bohren & Huffman
1983). We use astronomical silicate (Weingartner & Draine
2001) for silicate, while we adopt graphite in the same
paper for aromatic carbonaceous grains. For non-aromatic
species, we adopt the optical constants of amorphous car-
bon taken from Zubko et al. (1996) (their ACAR) (see also
Nozawa et al. 2015; Hou et al. 2016). HM20 also provided
extinction curves calculated with different carbonaceous
species; we only examine the above set of materials since
it was successful in producing extinction curves similar to
the Milky Way curve (in particular, the UV slope and the
2175 A˚ bump). The grain size distribution can be calculated
by nj (a, t) = 3ρj (m, t)/a (see equation 2). The extinction is
normalized to the value in the V band (λ−1 = 1.8 µm−1); that
is, we output Aλ/AV , where L is cancelled out.
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2.4 Variation of parameters
In this paper, we concentrate on the parameters that directly
affect rotational disruption, i.e. U and Smax. We fix the dense
gas fraction (ηdense = 0.5) and the star formation time-scale
(τSF = 5 Gyr) unless otherwise stated. These values are ap-
propriate for Milky Way-like galaxies (Nozawa et al. 2015).
The ISRF intensity U strongly depends on the star for-
mation activity; however, it is also affected by the spatial
dust distribution and the shielding of dust (i.e. by various
radiation transfer effects). Since our one-zone model is not
suitable for modeling radiation transfer, we simply treat U as
a free parameter. We also neglect the spatial inhomogeneity
in U and concentrate on the mean ISRF in the galaxy. Since
rotational disruption occurs on a short time-scale, the local
ISRF could be important. If the ISRF has a large variation
within the galaxy, rotational disruption acts with different
magnitudes among the places. Our one-zone treatment is
not able to address this issue; thus, any effects that require
spatially resolved treatments (such as the spatial and tem-
poral inhomogeneity in the radiation field that dust grains
experience) are left for a future work. This issue could be
investigated by using radiation-hydrodynamic simulations
that consistently solve the dust evolution (McKinnon et al.
2020). We emphasize that our simple treatment for U en-
ables us to draw an explicit conclusion regarding the depen-
dence on U, which could be useful for interpreting galaxies
with known U (note that U can be estimated from the dust
temperature; see Section 4.3). We mainly examine the range
of U ∼ 1–100, which is appropriate for nearby galaxies (e.g.
Hirashita & Ichikawa 2009), except for the starburst model
discussed later.
For the tensile strength, the uncertainty is large because
we only have limited knowledge on the grain structures. Note
that the grains larger than adisr are relevant here, since only
grains with a > adisr are disrupted by rotational disruption.
Therefore, to specify Smax, we have to consider the tensile
strength of large grains. Large grains could have complicated
structures especially if they are formed after accretion and
coagulation. Composite grains (composed of tiny monomers)
typically have Smax ∼ 10
7 erg cm−3, while compact grains
have Smax ∼ 10
9 erg cm−3–1011 erg cm−3 (Hoang et al. 2019;
Hoang 2019). A core-mantle interface is expected to have a
tensile strength similar to composite grains. Since the grain
properties are unknown, we simply survey a wide range of
parameter for Smax ≥ 10
7 erg cm−3.
3 RESULTS
3.1 Grain size distribution
We show the evolution of grain size distribution. We adopt
U = 1 for the ‘fiducial’ case. To investigate the case where
the effect of rotational disruption is the most prominently
seen, we select a case of low tensile strength Smax = 10
7 erg
cm−3, which is appropriate for composite grains and grain
mantles. We show the results in Fig. 1a. We observe that,
even at t = 0.1 Gyr, when the grain production is domi-
nated by stellar sources, small grains are efficiently formed
by rotational disruption. For comparison, we also show in
Fig. 1b the evolution of grain size distribution without rota-
tional disruption but including shattering following HM20.
Figure 1. Evolution of grain size distribution. The grain size
distribution is multiplied by a4 and divided by nH, so that the
resulting quantity is proportional to the grain abundance per
log a relative to the gas mass. We show the results (a) with ro-
tational disruption and (b) with shattering instead of rotational
disruption. The solid, dotted, dashed, dot–dashed, and triple-dot–
dashed lines show the results at t = 0.1, 0.3, 1, 3, and 10 Gyr,
respectively. The thin dotted straight line shows the slope of the
MRN grain size distribution (n ∝ a−3.5).
Since the efficiency of shattering depends on the dust abun-
dance, the small-grain production is not prominent in the
early stage (t = 0.1 Gyr). Thus, very different grain size dis-
tributions are predicted between rotational disruption and
shattering in the early phase of galaxy evolution. At t = 0.3
Gyr, the bump at a ∼ 0.002 µm is caused by accretion, and
is seen in both panels. After t ∼ 3 Gyr, the grain size distri-
butions become smooth power-law-like forms, but there are
some differences between rotational disruption and shatter-
ing. In the case with rotational disruption, there is a strong
cut-off at a = adisr (note that adisr = 0.18 µm for the cur-
rent case), because the time-scale of rotational disruption is
short. At a < adisr, the grain size distribution is converged
to a power-law-like shape but the overall slope is different:
the scenario with rotational disruption predicts more large
grains than that with shattering, since rotational disruption
only occurs at a > adisr. This is in contrast with shatter-
ing, in which small grains could also be fragmented if they
MNRAS 000, 1–14 (2020)
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Figure 2. Same as Fig. 1a but for U = 100.
collide with large grains. As argued in HM20, the strong
fragmentation cascade by shattering together with the grain
growth by coagulation leads to an MRN-like grain size dis-
tribution with an overall slope of p ≃ 3.5 (n ∝ a−p)2 (see also
Dohnanyi 1969; Williams & Wetherill 1994; Tanaka et al.
1996; Kobayashi & Tanaka 2010). However, rotational dis-
ruption cannot achieve this balance between fragmentation
and coagulation because it does not occur at small grain
radii. Less abundant small grains in rotational disruption
lead to an overall slope p significantly smaller than 3.5.
We also examine the dependence on the parameters rel-
evant for rotational disruption, that is, U and Smax. First,
we examine the effect of stronger radiation field by adopt-
ing U = 100 and Smax = 10
7 erg cm−3. This case is expected
to predict fast disruption with a small adisr(≃ 0.1 µm). We
observe in Fig. 2 [compared with Fig. 1(a)] that, if U is
larger, the grain size distribution at a . 0.003 µm is slightly
more enhanced at t . 0.3 Gyr because of more efficient rota-
tional disruption and accretion (which occurs predominantly
at small grain radii). The enhancement of small grains in
U = 100 leads to more efficient coagulation at t = 1 Gyr (as
observed around a ∼ 0.05 µm). The grain size distribution
at t ≥ 3 Gyr does not strongly depend on U, except for the
smaller cut-off radius (adisr) in the case of U = 100. Over-
all, the effects of a stronger ISRF appear in slight enhance-
ment of small-grain production at early ages and a cut-off
at smaller grain radii at all ages.
Next, we examine the dependence on Smax. The above
cases with Smax = 10
7 erg cm−3 represent composite grains
(or grain mantles) which are easy to disrupt. Here, we ex-
amine the cases for Smax = 10
8 erg cm−3 with U = 1
(adisr = 0.28 µm). This case is aimed at examining relatively
inefficient rotational disruption. Note that if Smax is larger
than 108 erg cm−3, equation (5) is not applicable, since adisr
is larger than 0.28 µm. This means that radiative torques
cannot produce a grain rotation fast enough for rotational
disruption. We observe in Fig. 3 that the effect of Smax clearly
appears in the maximum grain radii. The difference in Smax
is already apparent in the grain size distributions at t . 0.3
2 Note that the slope is (−p + 4) in the figure.
Figure 3. Same as Fig. 1 but for Smax = 10
8 erg cm−3.
Gyr: small-grain production is less enhanced for larger Smax
because of less efficient rotational disruption. At t ∼ 1 Gyr,
the bump at a ∼ 0.01–0.03 µm is lower for large Smax because
less enhanced small-grain production leads to less efficient
accretion. At later stages (t & 3 Gyr), the grain mass dis-
tribution (∝ a4n) strongly peaks at a = adisr. Therefore, ro-
tational disruption not only determines the maximum grain
radius but also govern the typical grain size at later ages.
3.2 Extinction curves
Based on the grain size distributions shown above, we calcu-
late the extinction curves by the method explained in Sec-
tion 2.3. In Fig. 4, we present the extinction curves corre-
sponding to the grain size distributions shown in Fig. 1. We
find that the extinction curve is overall steep in the case with
rotational disruption in the earliest phases (t . 0.3 Gyr) be-
cause small grains are produced by rotational disruption on
a short time-scale. Since the dust abundance is dominated
by silicate, the 2175 A˚ bump is not prominent in the early
stages. As a consequence, the extinction curve is similar to
the Small Magellanic Cloud (SMC) extinction curve with ro-
tational disruption. In contrast, the extinction curve is flat
in the early epochs (t . 0.3 Gyr) with shattering, since shat-
tering is not efficient enough to produce small grains when
the dust abundance is small. In both cases, the extinction
curve is the steepest at t ∼ 1 Gyr, which corresponds to
the epoch when accretion rapidly increases the abundance
of small grains. The strength of the 2175 A˚ bump is weaker
with rotational disruption than with shattering because the
small-grain abundance is lower as seen in Fig. 1. At later
epochs (t ≥ 3 Gyr), the extinction curve is too flat to re-
produce the Milky Way curve in the case with rotational
disruption, while it is similar to the Milky Way curve in the
case with shattering. This is because, as mentioned above,
rotational disruption is less efficient at producing very small
grains than shattering.
The effects of U and Smax on the extinction curve are
also examined. In Fig. 5, we show the extinction curves for
higher U (with Smax = 10
7 erg cm−3). Since we found that the
extinction curves are sensitive to U, we examine U = 3 and
10 here. With stronger ISRF intensities, the grain size distri-
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Figure 4. Extinction curves corresponding to the two cases
shown in Fig. 1. Panels (a) and (b) show the results with ro-
tational disruption and with shattering, respectively. The solid,
dotted, dashed, dot–dashed, and triple-dot–dashed lines show the
results at t = 0.1, 0.3, 1, 3, and 10 Gyr, respectively. The lines at
t = 0.1 and 0.3 Gyr are indistinguishable in panel (b). The crosses
and diamonds show the observational data of the Milky Way and
SMC extinction curves, respectively, taken from Pei (1992).
butions are steeper in the early stage of the evolution, even
much steeper than the SMC extinction curve. This is mainly
because of smaller cut-off radii for higher U (adisr = 0.16 and
0.14 µm for U = 3 and 10, respectively). Thus, if a galaxy
has a higher ISRF intensity, we expect that the extinction
curve is steeper in the early phase of galaxy evolution. At
later epochs, the extinction curve is flattened; however, it is
difficult to reproduce the Milky Way extinction curve. For
U = 3, the carbon bump and UV slope are less prominent
than the observed Milky Way curve. On the other hand, if
we increase U further (as seen in the case of U = 10), the ex-
tinction curve become steeper, but they do not fit the Milky
Way extinction curve because of the lack of large grains (i.e.
adisr is significantly smaller than the upper grain radius in
MRN, 0.25 µm). As shown by Nozawa & Fukugita (2013),
the slope and the maximum grain radius of grain size dis-
Figure 5. Same as Fig. 4a but for higher ISRF intensities [(a)
U = 3 and (b) U = 10 (with Smax = 10
7 erg cm−3)].
tribution are both important to reproduce the Milky Way
extinction curve.
We also show the extinction curves for higher Smax(=
108 erg cm−3) with U = 1 in Fig. 6 (the corresponding grain
size distributions are shown in Fig. 3). With a higher tensile
strength, the extinction curves are flat in the early stage of
galaxy evolution because of larger adisr(= 0.28 µm). Note that
the steep extinction curve at t = 1 Gyr is due to accretion.
Except for this short phase of efficient accretion, the extinc-
tion curves are generally flat for Smax ≥ 10
8 erg cm−3. In
other words, in order to produce extinction curves as steep
as the SMC curves with rotational disruption, the tensile
strength of large grains should be as small as expected for
composites and grain mantles (Smax ∼ 10
7 erg cm−3).
4 DISCUSSION
4.1 Rotational disruption compared with
shattering
The time-scale of rotational disruption is typically shorter
than that of chemical (dust) enrichment. Moreover, unlike
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Figure 6. Same as Fig. 4a but for a higher tensile strength (Smax =
108 erg cm−3 with U = 1).
shattering, the time-scale of rotational disruption is inde-
pendent of the dust abundance. Therefore, the effect of ro-
tational disruption appears even in the early stage of galaxy
evolution. If the tensile strength is as low as expected for
composites and grain mantles (Smax ∼ 10
7 erg cm−3), the
threshold grain radius for rotational disruption is less than
0.2 µm even in the Milky Way ISRF (U ∼ 1). Even though
the dust supplied from stellar sources is dominated by large
grains, efficient production of small grains by rotational dis-
ruption makes the grain size distribution completely differ-
ent from the original log-normal shape (Fig. 1). Thus, rota-
tional disruption provides a possible way of steepening ex-
tinction curves in the early stage of galaxy evolution. It is
interesting to point out that, if rotational disruption is effi-
cient, the SMC extinction curve is reproduced (Fig. 4). This
is because the extinction curve becomes steep even in the
early epoch when the carbon fraction is still low (note that
graphite produces a prominent bump at 2175 A˚).
Although the above statement for the early phase
of galaxy evolution is qualitatively robust, the extinction
curves qualitatively depends on the fragment grain size dis-
tribution. As commented in Section 2.2, the assumption
that the fragment grain size distribution is similar to the
case of shattering may be optimistic in the production of
small grains, although it could be justified if the grain struc-
tures are strongly inhomogeneous (with grain mantles, grain
monomers, etc.). However, if we are interested in the ex-
tinction curves down to λ ∼ 0.1 µm, the above conclusions
are not greatly affected as long as fragments as small as
a ∼ λ/(2π) ∼ 0.016 µm are formed. If the minimum fragment
size is larger than this, the extinction curves are not as steep
as predicted in this paper (but are still steeper than the case
without rotational disruption).
In later (t & 3 Gyr) epochs, the extinction curves are
rather flat since rotational disruption only fragments grains
at a > adisr. Therefore, the resulting grain size distribution
has a value of p (characteristic slope) smaller than the MRN
value (3.5). Even if we increase U to decrease adisr, the Milky
Way extinction curve is hard to reproduce because of p sig-
nificantly smaller than 3.5.
As shown above, rotational disruption affects the evolu-
tion of grain size distribution even with U = 1 if the tensile
strength is as small as expected for composites or grain man-
tles (Smax ∼ 10
7 erg cm−3). For example, if large grains are
formed by coagulation, it is expected that the grains are
composed of many monomers, some of which may be bound
loosely. However, if large grains originate from condensation
in stellar ejecta, they likely have a compact structure. The
requirement for Smax is relaxed in high ISRF fields as shown
later; that is, rotational disruption could efficiently produce
small grains for a wide range of tensile strengths (or grain
structures). Therefore, in the future, we need to develop a
framework that treats the evolution of the following three
physical components consistently: grain material properties
(especially tensile strength), ISRF, and grain size distribu-
tion.
4.2 Robustness of the resulting grain size
distributions
In the above, we have shown that, at later ages, the dust
abundance is dominated by grains around a ∼ adisr and that
the overall slope p is smaller than 3.5. Here we examine
if these characteristics are robust against the uncertainties
in the model. Since the overall slope is determined by the
balance between small- and large-grain productions by ro-
tational disruption and coagulation, respectively, we change
some parameters that could largely change these processes.
We fix U = 1 and Smax = 10
7 erg cm−3.
First, we modify rotational disruption in such a way
that small-grain production is more efficient. This is most
efficiently done in our framework by changing the slope of
the fragment grain size distribution (αf in equation 6). We
change it to αf = 4, in which case the fragments have an
equal mass in logarithmic grain radius intervals. This value
of αf is well out of the range suggested by Jones et al. (1996)
(αf = 3.0–3.4), so that this choice of αf provides an extreme
case. Since the difference appears most prominently at later
ages, we only show the result at t = 10 Gyr. The grain size
distributions and the extinction curves are compared be-
tween the cases with αf = 3.3 (i.e. the above calculation)
and 4 in Fig. 7.
We observe in Fig. 7a (the solid and dotted lines) that
the grain size distributions at a & 0.03 µm is robust against
the change of αf. The effect of αf indeed appears at small
grain radii. However, we should note that αf = 4 provides
an extreme case in terms of small-grain production as men-
tioned above. Thus, it is worth noting that the grain mass
distribution has a sharp rise just below the maximum radius
(adisr) even in this extreme case.
Since the accumulation of large grains could also be af-
fected by coagulation, we also examine the case where the
coagulation efficiency is reduced by lowering the sticking co-
efficient to 0.1 (we assumed unity above). In Fig. 7a, we ob-
serve that the weaker coagulation indeed enhances the grain
abundance at a ∼ 0.001–0.01 µm but that the grain size dis-
tribution at a & 0.03 µm is little affected by the efficiency of
coagulation. Therefore, the accumulation of grains at a just
below adisr is robust.
As mentioned in Section 2.2, our fragment distribution
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Figure 7. (a) Grain size distributions at t = 10 Gyr for differ-
ent efficiencies of small-grain production by rotational disruption
and large-grain production by coagulation. The fiducial case (i.e.
the same case as in Fig. 1a), the case with αf = 4 (more small
fragments in rotational disruption), the case with weaker coag-
ulation (with a sticking efficiency of 0.1), and the case with a
larger minimum fragment radius (10 times larger than the other
cases) are shown by the solid, dotted, dashed, and dot–dashed
lines, respectively. The thin short solid line shows the MRN slope
for reference. (b) Extinction curves corresponding to panel (a).
The line species are the same as in panel (a), and the Milky Way
(crosses) and SMC (diamonds) extinction curves are shown for
reference.
function may be optimistic in the abundance of small grains.
We emphasize that even with this optimistic assumption, the
dust mass is accumulated at grain radii just below adisr. How-
ever, it is worth examining a less optimistic case, where the
grains are fragmented into a much smaller number of pieces.
In our model, this is easily done by making the minimum
fragment mass larger. Here we adopt mf,min = 10
−3mf,max in-
stead of mf,min = 10
−6mf,max; that is, the minimum fragment
size is 10 times larger than adopted in the above calculations.
The grain size distribution at t = 10 Gyr is shown in Fig. 7.
We observe that the grain size distribution is simply trun-
cated at the smallest fragment radius (a ∼ 0.005 µm). Thus,
we confirm that the minimum fragment size determines the
minimum grain radius in our scenario.
We also show the extinction curves corresponding to
the above grain size distributions in Fig. 7b. We observe
that the extinction curves are not sensitive to αf or the co-
agulation efficiency at λ & 0.15 µm. The case with αf = 4
shows a significant steepening at far-UV because of the ex-
cess of grains at a < 0.01–0.02 µm contributes to an excess
of dust opacity at λ < 2πa. Therefore, the extinction curve
shape at λ & 0.15 µm is robust against the enhancement of
fragment production and the reduction of coagulation. It is
natural that the extinction curve is flatter for the case with
the larger mf,min. However, the difference is not large since
the minimum grain radius (0.005 µm) is still below λ/(2π). If
rotational disruption only produces grains larger than 0.016
µm, the extinction curve is expected to be flattened signifi-
cantly at λ ∼ 0.1 µm.
In summary, the scenario in which small grains are pre-
dominantly produced by rotational disruption robustly pre-
dicts that the dust abundance is dominated by grains with
a ∼ adisr and that the overall slope of grain size distribution
p is smaller than 3.5 at later ages. These properties of grain
size distribution produce flat extinction curves; thus, it is
difficult to explain the Milky Way extinction curve with a
prominent carbon bump and a steep UV slope. Probably,
shattering, which is turned off in our calculations, is still
needed. However, this does not mean that rotational disrup-
tion is unimportant. We further discuss the importance of
rotational disruption in the following subsections.
4.3 Parameter space where rotational disruption
is important
The time-scale of rotational disruption is much shorter than
that of galaxy evolution (chemical enrichment). This means
that rotational disruption affects the grain size distribution
in all the history of galaxy evolution. The most important
factor in rotational disruption is the disruption radius adisr,
which determines the maximum grain radius. If we solve
equation (5) for U, we obtain
U = 0.48
(
adisr
0.2 µm
)−8.1 (
Smax
107 erg cm−3
)1.5
, (8)
which can be regarded as an ISRF intensity that achieves
a certain value of adisr under a given tensile strength. In
Fig. 8, we show the lines of adisr = 0.1, 0.2, and 0.3 µm
(the shaded areas show adisr < 0.1, 0.2, and 0.3 µm) on
the U–Smax plane. We also convert U to the dust temper-
ature (Td) by adopting a scaling of Td = 18U
1/6 K (since
the dust temperature depends on the dust composition, we
adopt the intermediate value between silicate and graphite;
e.g. Li & Draine 2001). As mentioned above, rotational dis-
ruption occurs only if adisr . 0.28 µm (Section 2.2). Thus, we
only show adisr up to 0.3 µm. This diagram gives us a clue to
the significance of rotational disruption with observationally
estimated Td under an assumed grain tensile strength.
In Fig. 8, we observe that, for a tensile strength appro-
priate for composite grains (Smax ∼ 10
7 erg cm−3), an ISRF
intensity expected for normal star-forming galaxies (such as
the Milky Way) is sufficient to destroy large (a & 0.2 µm ∼
the upper grain radius of MRN) grains. For compact grains,
which have Smax & 10
9 erg cm−3, a strong ISRF (U & a few
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Figure 8. Constant adisr lines on the U–Smax (ISRF–tensile
strength) diagram. The diagonal solid, dotted, and dashed lines
show adisr = 0.3, 0.2, and 0.1 µm, respectively. The shaded areas
present the regions where adisr is smaller than those values. The
tensile strengths discussed for composite and compact grains in
the text are shown by the vertical dotted and dashed lines, respec-
tively. The dust temperature corresponding to the ISRF intensity
is shown on the right axis. In the white region, rotational disrup-
tion does not occur.
hundreds, or dust temperature Td & 50 K) is necessary to
disrupt grains with a ∼ 0.2 µm. With U ∼ 1, rotational dis-
ruption is not capable of disrupting compact grains. Since
the maximum grain radius in the Milky Way is ≃ 0.25 µm
(MRN), rotational disruption is capable of determining the
maximum grain radius only if the grains are much softer
than compact grains.
4.4 Coexistence of rotational disruption and
shattering
In this paper, in order to clarify the role of rotational disrup-
tion, we turned off the other small-grain production mech-
anism – shattering. In fact, the shattering efficiency also
depends on the tensile strength (e.g. Tielens et al. 1994;
Jones et al. 1996; Hirashita & Kobayashi 2013). If the ten-
sile strength is as small as expected for composite grains or
grain mantles, shattering would fragment almost all grains
on the shattering time-scale (∼ 108 yr in solar-metallicity
environment). However, such a small tensile strength may
be applicable to only large grains, which are more likely to
be composed of small monomers. In this case, both shat-
tering and rotational disruption fragment large grains, de-
termining the largest grain radius. Although rotational dis-
ruption only acts on large grains (a > adisr), shattering still
disrupts small grains even if they are compact. Thus, both
rotational disruption and shattering affect large grains and
contribute to determining the maximum size of grains, while
shattering predominantly modifies the grain size distribution
at a < adisr.
The largest difference between rotational disruption and
shattering is as follows: as mentioned above, the time-scale
of the former process does not depend on the dust abun-
dance while that of the latter does. This means that ro-
tational disruption could potentially be important even in
the early phase of galaxy evolution. Indeed, it has been sug-
gested (and it is also assumed in this paper) that dust grains
formed by stellar sources is biased to large (a & 0.1 µm)
sizes. In the earliest phase of galaxy evolution, when dust is
predominantly supplied by stellar sources, rotational disrup-
tion could be the only mechanism of producing small grains
because shattering is inefficient in the condition of low dust
abundance. We should keep in mind that adisr strongly de-
pends on the tensile strength; therefore, it is desirable to
clarify the material properties of dust grains produced by
stellar sources.
Although our knowledge on the grain-radius-dependent
tensile strength is limited, it is possible to perform the fol-
lowing ‘experiment’ to illustrate a case where rotational dis-
ruption and shattering coexist (or ‘collaborate’). We simply
calculate shattering based on the tensile strength appropri-
ate for compact grains (here we assume graphite properties
as adopted in Fig. 1b with a tensile strength of 4 × 1010 erg
cm−3) while we assume composite grains for rotational dis-
ruption (Smax = 10
7 erg cm−3). This assumption could be
justified since rotational disruption only affects large grains
(which could be loosely bound as mentioned above) on a
shorter time-scale than shattering. On the other hand, small
grains are more likely to be compact so that shattering pre-
dominantly acts on compact grains.
In Fig. 9(a), we show the evolution of grain size dis-
tribution in the above setting of rotational disruption and
shattering. We observe that rotational disruption clearly de-
termines the sharp upper cut-off in the grain radius. The
grain size distributions at young ages (t . 0.3 Gyr) is similar
to the ones in Fig. 1(a), which means that shattering is inef-
ficient in such young ages (because of low dust abundance).
Therefore, we confirm that rotational disruption is a dom-
inant small-grain-production mechanism over shattering in
the early phase of galaxy evolution. Compared again with
Fig. 1(a), at t & 1Gyr, more small grains are produced owing
to shattering. In particular, the grain size distribution even-
tually shows a slope consistent with MRN (p = 3.5). Thus,
the evolution of grain size distribution with shattering pro-
duces an MRN-like grain size distribution. In summary, if
rotational disruption and shattering coexist, the upper limit
of the grain radius is determined by rotational disruption
throughout all ages, while the slope of grain size distribu-
tion converges to the MRN value at later ages if shattering
is present.
We show the evolution of extinction curve in Fig. 9,
which is to be compared with Fig. 4(a). As mentioned above,
shattering is not important in the early phase of galaxy evo-
lution; thus, the extinction curves at t ≤ 0.3 Gyr is not
modified by shattering. At later ages, small grains are effi-
ciently produced by shattering and contribute to the steep-
ening of extinction curve. Shattering is thus confirmed to
be important in producing extinction curves as steep as the
Milky Way curve. In summary, rotational disruption can pre-
dominantly shape the extinction curve in the early phase of
galaxy evolution, while shattering could be necessary to ex-
plain an extinction curve as steep as the Milky Way curve
at later ages.
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Figure 9. (a) Evolution of grain size distribution in the condition
where rotational disruption and shattering coexist (see the text
for the setting). The solid, dotted, dashed, dot–dashed, and triple-
dot–dashed lines show the grain size distributions at t = 0.1, 0.3, 1,
3, and 10 Gyr, respectively. The thin dotted line shows the MRN
slope. (b) Evolution of extinction curve. The lines correspond to
the same ages as in panel (a). The Milky Way (crosses) and SMC
(diamonds) extinction curves are shown for reference.
4.5 Implication for starburst galaxies
In the above, we have fixed the star formation time-scale
τSF to 5 Gyr. On the other hand, the typical star forma-
tion time-scale of starburst galaxies is a few × 108 yr (e.g.
Larson & Tinsley 1978). Starburst galaxies are interesting
for rotational disruption because of their high ISRF environ-
ments. Following our previous paper, HM20, we adopt τSF =
0.5 Gyr and ηdense = 0.9 to describe short star-formation
time-scales and predominantly dense environments in star-
burst galaxies. This is referred to as the starburst model.
We examine U = 1000 (corresponding to Td ∼ 60 K) for an
extreme ISRF environment actually observed in starburst
galaxies (e.g. Zavala et al. 2018; Lim et al. 2020). It is also
interesting to examine a possibility of destroying compact
grains, so that we examine Smax = 10
9 erg cm−3 as well as
107 erg cm−3.
Figure 10. Evolution of grain size distribution for the starburst
model (see the text). We adopt Smax = 10
7 and 109 erg cm−3 in
panels (a) and (b), respectively, and fix U = 1000. The solid, dot-
ted, dashed, dot–dashed, and triple-dot–dashed lines show the
grain size distributions at t = 0.03, 0.1, 0.3, 0.5, and 1 Gyr, re-
spectively. The thin dotted line shows the MRN slope.
In Fig. 10, we show the resulting grain size distributions.
Since the evolutionary time-scale is short, we show t = 0.03,
0.1, 0.3, 0.5, and 1 Gyr. We observe that, except for the dif-
ference in the time-scale, the evolutionary behaviour of the
grain size distribution is similar to that already investigated
in Fig. 2. Small grains are abundant already at t < 0.1 Gyr
because rotational disruption supplies small grains. Compar-
ing the two panels in Fig. 10, the most prominent difference
appears at the cut-off radius (adisr). However, the grain size
distribution at a ≪ adisr is little affected by the difference in
Smax. With the high value of U = 1000, even in the case of
Smax = 10
9 erg cm−3, adisr becomes smaller than 0.2 µm.
In Fig. 11, we show the extinction curves corresponding
to the above grain size distributions for the starburst models.
We observe that the extinction curves stay steep for Smax =
107 erg cm−3 because of the small maximum grain radius
(adisr). Even for the harder-grain case of Smax = 10
9 erg cm−3,
a significant steepening of extinction curve is seen even at
t < 0.1 Gyr because of the efficient small-grain production
by rotational disruption. It is interesting to point out that
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Figure 11. Evolution of extinction curve for the starburst model
(see the text). Panels (a) and (b) present the results for the grain
size distributions in the corresponding panels in Fig. 10. The line
species for the ages are the same as in Fig. 10 (also shown in each
panel).
the extinction curves are similar to the SMC curve at young
ages. The extinction curves become flatter at later stages
because of coagulation. Therefore, in starburst galaxies, the
small-grain production by rotational disruption could put
a significant imprint on the extinction curves especially at
young ages.
For some starburst galaxies, attenuation curves, which
include all the radiation transfer effects, are obtained in-
stead of extinction curves (e.g. Calzetti 2001). The effects
of dust distribution geometry and of stellar-age-dependent
extinction make the attenuation curve significantly different
from the original extinction curve (e.g. Witt & Gordon 2000;
Inoue 2005; Seon & Draine 2016; Narayanan et al. 2018).
Therefore, the fact that the extinction curves derived in this
paper are different from the so-called Calzetti attenuation
curve is not a contradiction. We leave radiation transfer cal-
culations of attenuation curves and comparison with obser-
vations for future work.
4.6 Implication for high-redshift galaxies
The evolution of dust temperature along the redshift is
still being debated. While there have been some observa-
tional indications that the dust temperature tends to be
higher in higher redshift galaxies (Symeonidis et al. 2013;
Be´thermin et al. 2015; Schreiber et al. 2018; Zavala et al.
2018), the trend could be driven by an observational bias
(Lim et al. 2020). At z & 5, Lyman break galaxies (LBGs)
and Lyman α emitters have dust temperatures typically
higher than ∼ 35 K, and some could have dust temperatures
as high as & 70 K (e.g. Hirashita et al. 2017; Bakx et al.
2020). Ferrara et al. (2017) also theoretically suggested that
the dust temperature in the diffuse ISM of high-redshift
LBGs could be as high as 35–60 K. These dust temperatures
correspond to U ∼ a few tens to a few thousands. There
are also some extreme populations of galaxies whose dust
temperatures even reach ∼ 90 K (Toba et al. 2020). This in-
dicates that rotational disruption could have a significant
imprint on the grain size distributions and the extinction
curves in high-redshift galaxies.
Liu & Hirashita (2019) suggested that the extinction
curves in high-redshift galaxies give us a clue to the domi-
nant dust sources in the early Universe. Their dust evolution
model did not include rotational disruption, so it predicted
that the grains are biased to large sizes if the stellar dust
production is dominant. However, if rotational disruption is
as efficient as predicted by Hoang (2019) and this paper,
small grains are abundant even if the dust production is
dominated by stellar sources. Therefore, the steepness of ex-
tinction curve does not solely reflect the major dust sources.
To isolate the effect of rotational disruption, it would be nec-
essary to examine if the steepness of extinction curve has a
correlation with the dust temperature (or ISRF intensity).
5 CONCLUSION
We formulate and calculate the evolution of grain size dis-
tribution in a galaxy by newly considering the effect of rota-
tional disruption. We basically use the model developed in
our previous papers but include rotational disruption instead
of shattering for the major small-grain production mecha-
nism. We evaluate the time-scale and grain radius threshold
(above which grains are disrupted) by considering the depen-
dence on the tensile strength of the grains and the ambient
ISRF intensity (Hoang 2019).
We find that rotational disruption has a large influence
on the evolution of grain size distribution in the following
two aspects if the large grains are have a tensile strength
Smax ∼ 10
7 erg cm−3 as expected for composite grains and
grain mantles. First, because of the short time-scale of rota-
tional disruption, the small-grain production occurs even in
the early stage of galaxy evolution, when the grain produc-
tion is dominated by stellar sources. Therefore, even though
stars produce large grains, rotational disruption enhances
the abundance of small grains. As a consequence, the extinc-
tion curves could be as steep as the SMC extinction curve
even in the early phase of galaxy evolution. Secondly, the up-
per bound of the grain radius is determined by the threshold
of rotational disruption (adisr). The steepness of extinction
curve is basically regulated by adisr at later epochs when in-
terstellar processing dominates the grain size distribution.
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For compact grains with Smax & 10
9 erg cm−3, the grain size
evolution is significantly affected by rotational disruption
if the radiation field is as strong as expected for starburst
galaxies (U & a few hundreds or Td & 50 K).
Rotational disruption differs from shattering in that it
only occurs at the largest grain radii (a > adisr). Therefore,
we observe a concentration of grains around a ∼ adisr, and an
overall slope shallower than the MRN value (p < 3.5). This
produces too flat an extinction curve at later stages to repro-
duce the Milky Way extinction curve unless adisr . 0.1 µm as
expected in starburst galaxies. Rotational disruption tends
to predict steep extinction curves for starburst galaxies.
If the ISRF is high in high-redshift galaxies as indicated
by some observations, rotational disruption could play an
important role in determining the grain size distributions
in the early Universe. Thus, if the steepening of extinction
curves in high-redshift galaxies is correlated with the dust
temperature (or the ISRF intensity), we could argue that
rotational disruption is really acting efficiently in the early
stage of galaxy evolution.
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APPENDIX A: ANALOGY BETWEEN
SHATTERING AND ROTATIONAL
DISRUPTION
Since both shattering and rotational disruption produce
grain fragments, the equations describing them should have
some similarity. Here, we make an attempt of deriving equa-
tion (3) from the shattering equation. Shattering is described
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by the following equation in our model (HM20; developed
from Jones et al. 1994, 1996):[
∂ρd(m, t)
∂t
]
shat
= −mρd(m, t)
∫ ∞
0
α(m1, m)ρd(m1, t)dm1
+
∫ ∞
0
∫ ∞
0
α(m1, m2)ρd(m1, t)ρd(m2, t)µshat(m; m1, m2)dm1dm2,
(A1)
where µshat describes the grain mass distribution function of
the shattered fragments produced from a grain with mass m1
in the collision with a grain with mass m2, and α is written
as
α(m1, m2) ≡
σ1,2v1,2
m1m2
, (A2)
where σ1,2 and v1,2 are the collisional cross-section and
the relative velocity between the two colliding grains (with
masses m1 and m2), respectively. We expect that, if we re-
place the grain–grain collision time-scale with the rotational
disruption time-scale, we obtain the equation that describes
rotational disruption. A grain with mass m experiences col-
lisions on a time-scale of τcoll, which is evaluated as
τcoll(m)
−1
= m
∫ ∞
0
α(m′, m)ρd(m
′, t) dm′. (A3)
In rotational disruption, the grain m1 spontaneously frag-
ments; thus, the fragment mass distribution function does
not depend on m2. Eventually, if we convert τcoll to τdisr and
µshat(m; m1, m2) to θdisr(m; m1), we obtain the evolution of
grain size distribution by rotational disruption (equation 3).
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